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TOWARDS CLOSED-LOOP NANOPATTERNING:
QUANTIFYING INK DYNAMICS IN DIP-PEN
NANOLITHOGRAPHY
NIKOLAOS FARMAKIDIS
ABSTRACT
Dip-pen nanolithography (DPN) is a scanning probe microscopy-based nanofab-
rication method that relies on a fluid-coated atomic force microscope probe for the
deposition of material on a substrate with nanometer-scale resolution. The ability to
tailor the structure and chemical composition of materials at the nanometer length
scale is enabling in fields ranging from medical diagnostics to nano-electronics. While
DPN is among the highest resolution additive manufacturing techniques to date, the
configuration of ink on the probe and the process of ink transport are poorly under-
stood. Specifically, the inking and patterning procedures are susceptible to variations
in the ambient environmental conditions and currently not all aspects of the pro-
cesses are reliably controlled. Thus, a key challenge barring the widespread adoption
of DPN beyond a research tool is reproducibility. We hypothesize that closed-loop
control over the inking and patterning process could address this irreproducibility,
however techniques to monitor the quantity and concentration of ink on the tip of the
probe have not been yet developed. Here, we study the mechanics of atomic force mi-
croscope (AFM) probes throughout the inking and patterning process to understand
if the behavior of the ink can be studied in situ. In particular, we develop an approach
for confining ink to the tip of an AFM probe, which is critical for reliable patterning
and modeling the mechanics of the probe. Then, we find that the quantity of ink
on an AFM probe can be determined in situ by observing the shift in the natural
vii
frequency of the probe. Finally, we show that this method allows for the observation
and quantification of the ink deposited on a substrate, in real time. Collectively,
these approaches lay the groundwork for a closed-loop implementation of DPN in
which the inking and patterning processes are performed with drastically improved
reliability. Given that these techniques are easily implemented on any commercial
AFM, we expect that they could lead to new applications in the study of nanoscale
soft materials.
viii
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1Chapter 1
Introduction
Dip-pen nanolithography (DPN) is a nanofabrication technique developed in 1999 by
members of the Mirkin research group at Northwestern University that uses an ink
coated atomic force microscopy probe to deposit material on a substrate of interest.
Dip-pen nanolithography and its variants are currently the highest resolution, direct
write techniques that enable the direct deposition of molecules on substrate in a pos-
itive printing manner.(Piner et al., 1999) The combination of high registration, high
resolution and the direct write capabilities have rendered dip-pen nanolithography
a powerful tool for creating micro-scale and nano-scale patterns of small molecules.
(Ginger et al., 2004) Despite the technique’s success in fabricating nanostructures,
the process of ink transport is far from understood.(Rozhok et al., 2003) As it has
been identified by numerous researchers including (Zhang et al., 2003) and (Wang
et al., 2007) dip-pen nanolithography suffers from the inability to precisely determine
the ink deposition rate while writing on a substrate. Furthermore, it is expected that
precise control over the quantity and location of ink on the tip of the atomic force
microscopy probe could result in the higher controllability and throughput of nanofab-
rication using dip-pen nanolithography. This research is thus dedicated towards the
enhancement of current inking strategies as well as towards the development of in
situ methods for measuring ink transport during inking and patterning.
21.1 The Attributes and Significance of Dip-Pen Nanolithog-
raphy
In spite of its relatively recent invention, dip-pen nanolithogaphy has already made
a considerable impact to the scientific community. Currently, dozens of laboratories
throughout the world including ones in Germany, Switzerland France, Canada, USA
and many more rely on this nanofabrication technique with vastly different scien-
tific objectives. (Ginger et al., 2004) The success of dip-pen nanolithography can
be accounted to the multiple possibilities DPN provides over other nanofabrication
techniques in conjunction with the low barrier of entry for any researcher with access
to an AFM. Dip-pen nanolithography is characterized by (a) a direct write approach
to nanofabrication, (b) the high resolution of the patterned features and (c) the high
registration of the method. (Ginger et al., 2004)
Dip-pen nanolithography has been successfully used to pattern using a variety
of different substrate-ink combinations and has been shown to be compatible with
inks ranging from small organic molecules, to organic and biological polymers, and
from particles to metal ions and sols. (Ginger et al., 2004) Dip-pen nanolithography
can be used on a variety of substrates ranging from soft polymers to hard samples
such as silicon wafers. More importantly, no pre-modification of the substrates is
necessary and therefore potentially sensitive substrates such as DNA and proteins
can be patterned without exposing them to harsh environments such as ultraviolet,
ion or electron beam radiation. (Salaita et al., 2007)
1.2 The Mechanisms Implemented in Dip-Pen Nanolithog-
raphy
Part of the power of DPN lies in the combination of the unique capabilities it provides
with the simplicity of the technique. The process of writing using DPN is very
3analogous to the process of writing on a paper using a dip-pen. Quite similarly to a
dip-pen where ink is delivered to a substrate through an ink coated object, in dip-pen
nanolithography molecules from a sharp pyramidal object coated with a solution of
molecules of interest are transferred to a substrate via capillary transport through
a meniscus formed upon contact of the tip with the substrate. In both cases, the
resolution is limited by the sharpness of the delivery medium, however the rate of ink
deposition depends on a plethora of other parameters including the nature of the ink,
substrate, delivery medium and environmental parameters. (Piner et al., 1999)
The factors that affect ink deposition have been extensively studied over the past
years and researchers have evaluated the relative importance patterning parameters
and environmental factors differently. Given the numerous factors that affect ink de-
position however, it is not surprising that no fully inclusive model has been developed
to describe ink transport. In fact the numerous approaches have been employed to
describe the transport rate are often found to contradict one another. (Eichelsdoerfer
et al., 2014)
The process of ink transport in dip-pen nanolithography has been commonly de-
scribed using a point diffusion model. Due to the nanoscopic characteristic length
scales of the system, approaching the ink deposition through diffusion is logical given
the numerous controlled and uncontrolled factors that may affect the system. The ap-
plicability of diffusion models however is inherently limited to small molecules but has
been fallaciously applied to all ink-sample systems including liquid inks, dendrimers,
oligonucleotides and conductive polymers. (Eichelsdoerfer et al., 2014)
The process of ink transport in dip-pen nanolithography has been also approached
from a fluidic perspective which appears more applicable to liquid inks. According
to (Eichelsdoerfer et al., 2014) the process of ink transport is closely related to the
formation of a liquid bridge between the tip and substrate. The writing process
4is characterized by four stages including the approach of the inked probe to the
substrate, the formation of a capillary bridge during the dwell time and finally the
withdrawal and rupture of the capillary bridge.
Similar models have been proposed for variants of DPN including a model by (Ur-
tizberea and Hirtz, 2015) on ink transport in lipid dip-pen nanolithography (LDPN).
According to the authors, the patterning process in lipid dip-pen nanolithography
takes place in several discrete and mathematically quantifiable steps. The steps in
question include: (a) the ink dissolution at the tip/meniscus interface, (b) the ink
transport through the meniscus and (c) surface spreading of the ink. (Urtizberea and
Hirtz, 2015)
As it is evident from the literature in the field, it is almost impossible to develop a
fully inclusive model that accurately describes and quantifies the rate of ink transport
for all inks and substrates. What we have found possible however is the development
of a strategy for controlled and localized inking which simplifies the process of ink
transport, increases our understanding of ink-loading and allows for the development
of simpler models to predict material transport. Furthermore, even if a fully inclusive
is not in fact obtainable using our devised means of inking, the in situ measurement
of ink deposition and remaining ink on the probe should more than suffice for a
closed-loop implementation of dip-pen nanolithography.
1.3 Patterning Using Liquid and Molecular Inks
It has been previously discussed in this document that part of the success of dip-pen
nanolithography lies in its applicability to multiple inks and substrates. The nature of
the ink however plays an important role in ink transfer processes. The vastly different
behaviour of inks has led to the distinction between to general categories: liquid and
molecular inks which are briefly discussed in this section.
5Molecular inks are typically employed either by vapor coating the atomic force
microscopy probes or by dipping them in a solution and subsequently removing the
solvent. Molecular inks are transferred onto a substrate via a water meniscus that
forms between the tip and the substrate due to capillary condensation. On the other
hand, liquid inks and hydrogels are typically non evaporative inks that are deposited
on the atomic force microscopy probe by dipping and submerging the probe in a bulk
liquid reservoir. The method of transport to the substrate is different from molecular
inks as no water meniscus is required and ink deposition is performed by means of
fluid flow. As a result, patterning of non volatile liquid inks can be performed under
different humidity conditions. Due to the humidity restrictions on molecular inks,
most of the experiments conducted in the scope of this research are performed using
low volatility liquid inks.
1.4 Inking of Atomic Force Microscope Probes for Pattern-
ing
The process of preparing atomic force microscopy probes for implementation in dip-
pen nanolithography has been approached in several different ways. In the case of
molecular inks, some labs appear to have deposited molecules using vapor coating;
most commonly, however, the probes have been dipped in a solution of molecules and
are then let to dry. It is customary for the probes to be plasma treated before inking
in order to decrease their contact angle and retain more ink.
Under many of the aforementioned procedures, whether molecular or liquid inks
are used, the deposition on the probes is not location sensitive. In other words,
the user has no control over the location on the probe where ink is deposited nor
on the quantity of ink deposited. It is expected that by indiscriminately inking the
cantilever, chip and tip of the atomic force microscopy probe, concentration gradients
6on the probe or liquid spreading could jeopardize the repeatability and controllability
of the process.
According to (O’Connell et al., 2014), the amount of ink on the AFM probe is
likely to affect the consistency and amount of ink transport in dip-pen nanolithogra-
phy. Furthermore, it is mentioned that the process of inking AFM probes is poorly
understood and in many cases it is fraught with inconsistent deposition rates. Addi-
tionally, it is mentioned by (OConnell et al., 2014) that although the deposition of
molecular inks on a substrate has been extensively studied, the deposition of liquids
is yet to be understood. The authors study the deposition rate of liquid inks and have
concluded that the ink transport depends primarily on the amount of ink on the can-
tilever. Thus by controlling the amount of ink on the probe, different resolution and
feature sizes are expected to arise. Taking these finding into account, we anticipate
that, the DPN process could benefit substantially if one could measure the amount
of ink on the probe and adjust patterning parameter accordingly.
1.5 Research Scope and Expected Outcomes
As mentioned in previous sections, it has been identified that dip-pen nanolithography
as a technique would benefit considerably from closed-loop implementation of inking
and patterning operations. This research develops all the necessary scientific methods
that are required to implement dip-pen nanolithography in a closed-loop fashion.
Through the tools developed, we aspire to not only increase the controllability of the
DPN process but also to understand the dynamics of ink loading and deposition. In
order to achieve these objective, this research is based on four main pillars:
• Devising a scheme for controlled and localized inking at the tip of the atomic
force microscopy probe.
• Developing the scientific tools to measure the amount of ink on the tip of the
7atomic force microscopy probe.
• Measuring in situ the amount and rate of ink transfer onto the substrate thus
in effect determining the size of the written features in real time.
• Determining the concentration of ink on the tip of the probe before, while and
after depositing material onto the substrate.
By achieving the aforementioned research objectives, we expect to considerably
increase the repeatability, reliability and controllability of the DPN process. Given
that the expected outcomes of this research are applicable to any commercial AFM,
we anticipate that our work will broaden the applicability of dip-pen nanolithography
to additional fields in the study of nanoscale soft materials.
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Theoretical and Analytical Background
Fluid phenomena in the micron to nanometer length-scales are of great scientific in-
terest as many trivially described operations in the macro-world often become cum-
bersome and counter-intuitive when scaled down. Dimensional analysis shows that
as the characteristic length-scale of a system is shrunk, the surface area to volume
ratio of the system increases, resulting in the higher importance of surface dependent
forces over volume dependent forces. The domination of surface forces coupled with
the multiple length scales that are found in an atomic force microscopy probe and
the inherent instability in the formation and rupture of liquid bridges, make the de-
velopment of analytical models to describe inking and patterning quite challenging.
This research project is therefore by nature highly experimental, including however,
a concrete theoretical background that is necessary to explain and access the validity
of experimental findings. Given that many operations cannot be detected diffraction
limited methods such as optical microscopy, we are oftentimes required to combine
experimental measurements and theoretical analysis to formulate our hypotheses and
explain the phenomena that take place during inking and patterning.
2.1 The Validity of Dip Coating Theory to the Nanoscale
The operation of coating an object with a liquid by removing the object from a liquid
bath is often described using dip-coating theory and falls under the category of Forced
Wetting (De Gennes et al., 2013). Dip-coating theory was first developed by Landau,
9Levich and Derjaguin for the case of a two dimensional plate that is withdrawn from
a liquid bath at constant speed. LLD theory assumes that the plate is partially
immersed in the liquid and that the liquid is wetting.
A liquid is said to be spreading on a substrate if upon the deposition of a small
droplet on the surface of the substrate, the drop forms a film of nanoscopic thickness.
Whether the liquid will form a thin film or remain in a drop configuration is known to
be a result of the competition between molecular and capillary forces and is described
by the spreading parameter (S) given by equation 2.1. (De Gennes et al., 2013)
S = [Esubstrate]dry − [Esubstrate]wet (2.1)
where E, represents the surface energy per unit area of the dry and wet substrate
respectively.
In the case of a plate being withdrawn from a bath, if S >0 then the liquid is
said to be wetting and it can be shown that a meniscus is formed between the plate
and the bulk liquid that dissipates far from the plate.(Landau and Levich, 1942)
Describing the exact geometry of the meniscus is beyond the scope of this research,
it is important however to note that the height of the meniscus is expected to scale
according to the capillary length k−1 given by equation 2.2
k−1 =
√
γ/ρg (2.2)
where γ represents the surface tension of the liquid, ρ is the density of the liquid and
g is the gravitational acceleration.
It has been shown by Landau, Levich and Derjaguin (LLD), that when a half
immersed plate is being withdrawn from a bath, the static meniscus mentioned pre-
viously is being perturbed and a liquid film is dragged along with the plate thus
creating a dynamical meniscus and a film coating of thickness (e) as shown in figure
10
2·1(Derjaguin, 1993).
Figure 2·1: Partially immersed plate being withdrawn from a liquid
bath. According to Landau, Levich and Derjaguin’s dip-coating theory,
a dynamical meniscus is formed from which a liquid coating of thickness
e is entrained.
According to LLD theory, the key roles in the resulting liquid film properties are
played by:
• The solid/liquid interface due to the non-slip boundary condition between the
liquid and the moving plate.
• The liquid/vapor interface which is being distorted by the film.
It is thus the opposing roles of viscosity and surface tension that create a film of
thickness (e)(De Gennes et al., 2013). The relative importance of the two opposing
forces, is best described in terms of the dimensionless Capillary Number (Ca) given
by equation 2.3.
Ca =
ηV
γ
(2.3)
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where η is the liquid viscosity and V is the velocity of the object being withdrawn
from the liquid bath.
It is shown by LLD theory that the film thickness scales according to equation
2.4.
e ∝ rCa2/3 (2.4)
where r is the radius of the fiber. For equation 2.4 to hold, it is assumed that the
dynamical meniscus results from only a slight perturbation of the static meniscus and
is thus valid for (Ca 1). Clearly, even assuming the highest velocities achieved in
dip-pen nanolithography which can reach approximately 10−4 µms−1, the viscosity of
some of the most viscous inks used such as glycerol (µ = 0.95Nsm−2), the maximum
capillary number reached does not exceed 1.5 × 10−3, which clearly falls inside the
Ca 1 regime.
Despite the invalidity of LLD theory for geometries other than a thin plate, we do
gain some intuition on the effect of viscosity, surface tension and retraction speed on
the resulting coating of the AFM tip. It is thus expected that during the retraction
of a partially immersed atomic force microscopy tip from a liquid bath, a higher
retraction velocity and a higher liquid viscosity would result in a thicker film coating
on the tip.
2.2 Atomic Force Microscope Probe Modeling
Atomic force microscopy probes consist of three basic components including the chip,
cantilever and tip. Figures 2·2 and 2·3 show two scanning electron microscope
(SEM) images of a typical atomic force microscopy probe that has been extensively
used throughout this research. Appropriate labeling of the components of the probes
has been provided in the lower magnification image that is intended as reference for
the upcoming discussion on the modeling of each component.
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Figure 2·2: Scanning electron microscopy image of the atomic force
microscopy tip and part of the cantilever.
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Figure 2·3: High magnification scanning electron microscopy image
of the AFM probe’s pyramidal tip.
The atomic force microscope is a versatile tool that can be used for a variety
of applications including imaging, writing, determination of surface properties and
measurement of applied forces; each component of the atomic force microscopy probe
serves a different purpose. In the context of the experiments conducted, the main
interest of the research involves measuring the response of the cantilever as a function
of certain stimuli that are usually applied on the tip of the probe. Some character-
istics of the probes that are of great experimental value include the sharpness of the
pyramidal shaped tip which defines the minimum resolution of the patterned features,
the pyramidal geometry of the tip whose perimeter decreases linearly with the height
from the base of the pyramid and finally the relative dimensions of the cantilever’s
length over all other dimensions which allows for its modeling as a cantilever beam.
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2.3 Spring Constant Calibration
Atomic force microscopy probes tend to vary significantly in their properties even
between probes of the same specifications. It is thus important to measure their
relative properties experimentally before proceeding with any data collection process.
Given the inability to measure the force applied on an AFM probe directly, what
is recorded is the deflection of the cantilever due to an applied force. In order to
relate the two quantities of interest, the cantilever is modeled as a spring with a
stiffness constant k. Much like a spring, the stiffness constant is a function of both the
geometrical and the material properties of the cantilever. Using beam theory, equation
2.5 can be used to approximate the spring constant analytically. However, it is
anticipated that its experimental value will deviate considerably from the theoretical
value.
k =
Ewt3
4l3
(2.5)
where k is modeled in terms of, the width of the beam (w), the thickness (t), the
overall length (l) of the beam and the elastic modulus E of the material.
2.3.1 Measurement of the Inverse Optical Lever Sensitivity (InvOLS)
It has been established so far that although the stiffness constant of the cantilever
can be approximated using equation 2.5. In doing so, one would obtain highly in-
accurate results and hence experimental measurement is favored. The procedure for
measurement of the spring constant requires the user to engage the tip of the probe
on a hard surface and subsequently move the chip of the cantilever a set distance
towards the surface. By pushing the cantilever against the substrate, a deflection of
the cantilever is forced whose value is recorded. Figure 2·4 shows a rendering of the
tip engaging on a hard surface and the induced deflection on the cantilever beam.
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Figure 2·4: Rendering of a atomic force microscopy probe engaging
on a hard substrate for the purpose of determining the spring constant.
The bending of the cantilever shown is measured as a deflection by the
AFM instument.
Since the deflection of the cantilever is recorded in terms of a voltage, any mea-
surement relating to the deflection of the cantilever needs to be converted into a
distance. This quantity is known as the sensitivity or inverse optical lever sensitivity
(InvOLS) of the cantilever. Having converted the voltages recorded by the instrument
into their physical units, one can then proceed using one of several spring constant
calibration methods to determine the remaining properties of the AFM probe. (Sader
et al., 1995) (Levy and Maaloum, 2001)
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2.4 Atomic Force Microscopy Probe Modeled as a Harmonic
Oscillator
Despite the presence of a carefully engineered shaped tip at the end of the cantilever
with finite dimensions, the AFM probe’s dynamics can be accurately modeled by
assuming an ideal cantilever beam with a point mass located at its free end. More
precisely, the motion of a cantilever beam was first described by Meirovitch in 1967
and is given by: (Meirovitch, 1967)
d2
dx2
[
EI(x)
d2Y (x)
dx2
]
= ω2m(x)Y (x) (2.6)
where E represents the elastic modulus of the beam, I is the moment of inertia, Y(x)
represents the displacement along the perpendicular axis at a distance x from the
base, ω is the circular natural frequency, m is the mass per unit length and x is the
distance from the fixed end of the beam.
The equation of motion for a cantilever beam can be further simplified to obtain
the natural frequency of the beam as:
fres =
1
2pi
√
EI
ml4
(2.7)
Although determining the resonance frequency theoretically is certainly simple,
there is a considerable deviation of the resonance frequency between probes of iden-
tical geometrical and material properties. As with the spring constant calibration,
determining the resonance frequency of the cantilever theoretically would result in
significant errors. Furthermore determination of the resonance frequency of the can-
tilever is very straightforward experimentally and requires the collection of what are
called Thermal Tunes or the Thermal Method.
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2.4.1 The Thermal Method
A thermal tune is simply described as the observation of the motion of an atomic force
microscopy probe due to random thermal noise which is then post-processed to deter-
mine the natural frequency of the cantilever and the probe’s first, second and higher
harmonics. The thermal method is based on a fundamental thermodynamic princi-
ple, the equipartition theorem.(Cook et al., 2006) Simply stated, the equipartition
theorem dictates that for a generalized position or momentum coordinate (X), which
stores energy according to EX ∝ X2 then the average energy stored in X, < EX > is
given by 1
2
kBT where kB denotes Boltzman’s constant and T is the absolute tempera-
ture of the system.(Cook et al., 2006) It can be shown that for a cantilever undergoing
small deflections, the spring constant k is given by:
k =
kBT
< dc
2 >
(2.8)
During the random motion of the cantilever, position/deflection data are recorded
and finally a Fourier transform is applied to convert the collected data into a power
spectral density vs frequency domain. A typical frequency diagram after a thermal
tune is shown in figure 2·5 below:
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Figure 2·5: Representative response of the cantilever to thermal noise.
The frequency spectrum shown is obtained after applying a Fourier
transform to the deflection data.
2.5 Determination of the Spring Constant
Having collected data for the behaviour of the probe due to background thermal noise
and having converted the deflection of the cantilever into a power spectral density
(PSD) in a respective frequency spectrum the first resonance peak can be fitted to
the response function of a simple harmonic oscillator (SHO) acording to equation 2.9.
B +R(f) = B +
A1fres
4(
f 2 − fres2
)2
+
(
ffres
Q1
)2 (2.9)
where fres and Q represent the frequency and quality factor at the first mode and
A1 represents the zero frequency amplitude of the harmonic oscillator. The spring
constant can then be determined using equation 2.10
k =
2kBT
piA1f1Q1
(2.10)
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2.6 Determination of the Quality Factor and Damping
The atomic force microscopy probe has been modeled so far as a simple harmonic
oscillator with a natural frequency f1, spring constant k and quality factor Q1. The
damping effects of the medium in which the thermal method is conducted plays an
important role in the response of the cantilever. Performing a thermal tune in air
and water would yield very different results due to the damping effects of a more
viscous medium. This effect is represented by the quality factor in equation 2.10
which represents the attenuation or damping of the cantilever and will turn out to
be an important parameter in the inking of the AFM probes. The quality factor is
required to be greater than unity for an acceptable determination of the resonance
frequency. (Van Eysden and Sader, 2007)
Figure 2·6 shows an illustration of the Lorenzian curve with different damping
ratio ζ the damping ratio can be related to the quality factor using equation 2.11
Q =
1
2ζ
(2.11)
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Figure 2·6: Lorentzian curves with different damping factors. The
sharpness of the peak represents the degree of damping in the system.
21
Chapter 3
Experimental Methods
The overwhelming majority of the experiments conducted have been largely based on
a single instrument, the MFP-3D Infinity AFM provided by Asylum Research. The
atomic force microscope includes multiple components that allow for very flexible
measurements as well as easy swapping between samples. This allows the inking
procedure of the atomic force microscopy probes and the patterning operations to be
conducted on different substrates and with virtually no time delay. This feature of
the Infinity AFM is extremely important when it comes to experiments where precise
control and consistency of the humidity, temperature and the internal temperature
of the instrument are crucial. In this chapter, a brief overview of the components,
features and limitations of the Infinity are presented as well as an overview of the
crucial experimental procedures performed that have been of significant importance
to the outcome of this research.
3.1 MFP-3D Infinity Components and Operations
The atomic force microscope used comes with certain characteristics as and limitations
have been proven to be extremely important in the successful completion the inking,
patterning and weighing experiments of the inked and uninked probes. As with any
current AFM, the basic mechanics of imaging and data collection are quite simple
and rely on three main components.
• The first component includes a x-y piezo-actuated stage that allows for the
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movement of any substrate within a 90 µm × 90 µm rage. Gross manipulations
of the samples can be performed manually, however the piezoelectric actuators
offer a very precise control over the location of the sample which is crucial in
performing consistent inking and patterning operations.
• The second component that is extremely important in the dip-pen nanolithog-
raphy is the z-piezoelectric actuator. This component is responsible for the
motion of the AFM probe in the perpendicular axis to the sample’s plane and
has a range of approximately 12µm. Using this component, the AFM probe
can be put in contact with an ink pool or the sample in order to get inked or
to write on the sample.
• The third main component which is of crucial importance for the collection of
any data set is the laser beam and photodiode. In atomic force microscopy, as
well as in dip-pen nanolithography, the researcher is able to measure the deflec-
tion of the cantilever by recording a reflected beam from the cantilever which
is incident on a photodetector. This provides very high resolution in the deflec-
tion of the cantilever and the combination of the photodetector readings and
the location of the z-piezoelectric actuator allows for the precise measurement
and control over the location of the cantilever.
Although the atomic force microscope is not limited to the three aforementioned
components, they represent the backbone of the instrument. A schematic of the
”head” of the AFM which houses the z-piezoelectric actuator, laser beam and AFM
probe is shown in Figure 3·1 below:
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Figure 3·1: Engineering drawing of the components in the AFM’s
head. The drawing has been produced by Asylum research and adapted
for this work.
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3.2 Force Curves and their Applications to DPN
Atomic force microscopy offers multiple tools for imaging and determining surface
properties of various substrates. One of the distinctive capabilities of atomic force
microscopes is the implementation of force distance curves (F-D) or force distance
spectroscopy (FDS) to extract information about the substrate. The mechanics be-
hind a force distance curve involve manually moving the head of the AFM close to the
substrate to a distance smaller than 10 µm. The z-piezo is then engaged to linearly
approach the substrate until a desired trigger is satisfied. As the tip touches the
surface, a force acts on the cantilever which is translated to a voltage or a deflection
distance which then triggers the z-piezo to stop and reverse direction thus retract-
ing from the surface. The trigger can be one of a few feedback channels including
the deflection of the cantilever in either volts or a deflection distance, a force or a
travel distance. Figure 3·2 shows an illustration of a typical force curve on a silicon
substrate during which the probe approaches the surface until a high repulsive force
triggers the z-piezo to reverse direction.
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Figure 3·2: Force curve on a hard surface represented as a function of
the location of the z piezoelectric actuator. A linearly increasing, repul-
sive force is experienced upon contact. When a trigger force is reached
the direction of motion is reversed to disengage from the surface. A
small adhesive force is recorded upon retraction from the substrate.
Naturally, force curves on different substrates demonstrate a qualitatively different
behavior and are used to extract different information. Three main categories that
are of great use to this research are force curves on Hard Substrates, Liquid Interfaces
and force curves a as a tool for Patterning in dip-pen nanolithography all of which
are discussed in the following sections.
26
3.2.1 Force Curves on a Solid-Air Interface
Force curves on solid substrates are relatively easy to interpret and understand as
the only moving components include the z-piezo and the deflection of the cantilever
which are both precisely measured. Figure 3·3 shows an illustration of a force curve
performed on a silicon chip where the deflection of the cantilever is shown as a function
of time.
Figure 3·3: Illustration of a force distance curve performed on a hard,
solid substrate. Upon contact a linearly increasing, repulsive force is
recorded. As the z-piezo retracts from the surface the repulsive force
decreases. A smaller adhesive force is recorded upon retraction until
the tip detaches form the surface.
It can be seen in figure 3·3 that cantilever is initially undeflected thus recording
a voltage of zero. As the tip makes contact with the substrate, a positive deflection
is recorded which increases linearly with time due to the motion of the z-piezo. Once
the trigger deflection is reached which in the case of figure 3·3 has been set to three
volts, the z-piezo reverses direction thus recording a linearly decreasing force. Before
detaching from the substrate, an adhesion force is recorded which upon detachment
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rapidly goes to zero, i.e. the equilibrium position of the cantilever.
3.2.2 Force Curves on a Liquid-Air
In contrast to the commonly used force curves on solid substrates, in the case where
the cantilever is engaged on a liquid surface, a high attractive rather than repulsive
force is experienced. The attractive force causes the cantilever to deflect in the op-
posite direction i.e. towards the liquid thus recording a negative force. Given the
pyramidal shape of the cantilever, it is anticipated that the attractive force increases
with inking depth due to the increasing length of the contact line with insertion
depth. It is thus expected that by controlling the attractive trigger setting it is pos-
sible to control the inking depth of the cantilever. An illustration of a force curve on
a liquid-air interface is shown in figure 3·4
Figure 3·4: Illustration of a force distance curve performed on a liquid
interface. A meniscus is formed upon contact which is later stretched
until rupture.
In the case of a force curve on a liquid-air interface, before coming in contact
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with the liquid the cantilever remains at its undeflected position. Upon contact with
the liquid, a linearly increasing attractive force is recorded until the trigger setting is
reached. The z-piezo then reverses direction causing the meniscus to stretch which
results in a linearly increasing attractive force with a steeper slope. The liquid bridge
between the tip and the bulk liquid is then stretched to the point of breakage at which
time the cantilever returns to its undeflected position.
3.2.3 Patterning Using Force Curves
Force distance curves can be performed in an array configuration called a force map
(FM). Force maps are commonly used as a means of determining a substrate’s material
properties at different locations. In dip-pen nanolithography however, force maps have
an additional use, which is to deposit material on a substrate in a grid. Figure 3·5
illustrates the expected result of a force map performed using an inked probe on a
solid substrate.
Figure 3·5: Rendering of expected patterns using a 4x6 force map.
The patterns are consistent in size and the distances between deatures
are preciely controlled.
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As illustrated in figure 3·5, in principle, force maps provide very fine control over
the size consistency and distances between features and are therefore very useful in
patterning features which can be subsequently studied or modified. The features
patterned often are small enough that they cannot be detected using bright field
microscopy imaging. For this reason, fluorescent imaging has been employed, which
allows for the observation of features visually. The experimental setup for fluorescence
imaging is discussed in the following section.
3.3 Fluorescence Imaging
Patterns produced using dip-pen nanolithography are small enough that they often
fall below the detection limit of conventional bright field microscopy. One method that
can be used is labeling the ink with a fluorescent dye. This allows for the detection
of features in some cases and is also useful in determining the precise ink location on
the atomic force microscopy probe. In order to evaluate this assumption, a mixture
of glycerol and fluorescein was prepared which was then used to ink AFM probes
and subsequently pattern. The samples were then examined under a fluorescence
microscope whose images are used to extract information about the amount of ink
deposited on the probes as well as the resulting feature size in patterning experiments.
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Chapter 4
Controlling the Inking Process in Dip-Pen
Nanolithography
One of the main goals of this research is to redefine the process of inking atomic force
microscopy probes to a more stable and controllable configuration. Ink-loading is
identified as one of the parameters that affect the patterned feature sizes in dip-pen
nanolithography but is generally treated as a passive parameter which affects the
system but cannot be fine-tuned. This chapter discusses the possibility of controlling
this parameter using the formation and stretching of liquid bridges.
4.1 Evaluation of Current the Inking Protocol
The established procedures for inking atomic force microscopy probes for use in dip-
pen nanolithography are far from controllable and reproducible. There are numerous
ways of achieving inking all of which involve rendering the probe’s surface hydrophilic
and subsequently dipping the entire structure in the ink of choice or alternativly vapor
coating the tip and cantilever. In doing so the researcher forfeits the ability to control
where and how much ink is deposited which in turn is likely to take away from the
resolution of the process. Figure 4·1 below shows a set of microscopy images of an
atomic force microscopy cantilever and tip that have been treated with oxygen plasma
and dipped in glycerin and labeled with a fluorescent dye.
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Figure 4·1: Microscopy images of an inked atomic force microscopy
probe after having been treated with oxygen plasma and inked with
a mixture of glycerin and 10 mM Fluorescein. (a) 5X magnification
image using bright field imaging (b) view 5X magnification using fluo-
rescence imaging (c) 20X magnification using bright field imaging (d)
20X magnification using fluorescence imaging.
The presence of a thin liquid film that forms around the entire cantilever can be
clearly seen in figure 4·1 in both high and low magnification. It is therefore shown
that the fluid coating that is formed is evenly dispersed along the cantilever and far
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from localized at the tip of the probe. Additionally, by examining the intensity of the
fluoresce images, it is obvious that there is some de-wetting at the apex of the tip.
This highlights the need for new methods of inking AFM probes.
4.2 Developed Inking Scheme for Localized Inking
The challenge of depositing a small amount of liquid ink precisely at the tip of the
atomic force microscopy probe has been addressed here by performing a force curve
on a liquid substrate. It is expected that in doing so, a liquid bridge between the bulk
liquid and the AFM tip will form and which upon retraction from the liquid, will be
forced to stretch to the point of rupture. After the breakage of the capillary bridge,
it is expected that part of the ink will get deposited onto the tip of the probe. Figure
4·2 shows a schematic of the proposed inking scheme.
Figure 4·2: Schematic showing the proposed inking scheme using a
force curve on a liquid-air interface. (a) Cantilever and ink remain
separated before starting the force curve.(b) A meniscus is formed upon
contact with the liquid (c) As the tip is retracted from the liquid,
the capillary bridge is formed and stretched.(d) The capillary bridge is
stretched until breakage resulting in fluid deposition exclusively on the
tip of the AFM probe.
By stretching the liquid bridge along the z axis, it is expected that the liquid
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bridge should align itself with the direction of the probe resulting in mass deposition
solely on the tip of the probe.
4.2.1 Controlled Inking Protocol
In order to achieve consistent and controllable ink deposition on the tip of the atomic
force microscopy probe, the following inking procedure has been developed:
• The researcher is first required to deposit a small drop of the desired fluid on a
moderately hydrophobic substrate. The hydrophobicity of the substrate ensures
that the liquid will not completely wet the surface and will thus ensure that
the fluid remains in a drop as opposed to a film. Additionally, the moderate
degree of hydrophobicity ensures that a relatively thin film will form close to
the contact line of the solid-liquid-air interface, where the probe can later be
engaged, avoiding in this way topographic variations that are present on the
surface of the droplet and may otherwise result in uncontrolled submersion of
the tip, cantilever and cantilever holder.
• The user then lowers the head of the atomic force microscope until it is relatively
close to the drop. This ensures that the researcher can proceed by lowering the
head in small increments, thus increasing the resolution and decreasing the total
time of the experiment. Small increments in manual lowering of the head also
ensures that no full wetting of the probe is to take place.
• Once close to the liquid-air interface, the user must set a small negative trigger
voltage (i.e. sensing an attractive force) in order to ensure that when contact
is made between the tip of the probe and the liquid, controlled inking will
take place rather than full submersion. The user must subsequently proceed
by lowering the head manually and performing a force curve until the trigger
voltage is satisfied and an inking curve is recorded.
34
• The final step to the completion of the inking process is to determine the actual
inking voltage required for the desired amount of ink on the tip. Naturally,
probes of different spring constant, laser point placement, geometry etc. will
exhibit a different deflection upon contact with the liquid and thus a different
voltage is expected. The user must therefore determine the required trigger for
their specific application.
Following this procedure, one can expect localized and controlled inking with high
levels of throughput and automation despite the inherent instability of the process.
Furthermore, by increasing the trigger voltage or force, the tip should get inserted
deeper into the liquid resulting in a higher ink deposition on the tip. It is worth noting
that in the case when the capillary bridge between the probe and the bulk liquid does
not break because of the limited range of the z-piezo, the user could manually raise
the head thus manually inducing the capillary brige rupture.
4.2.2 Evaluation of Devised Inking Scheme
In order to evaluate the developed inking scheme, two approaches have been devel-
oped. First we examine an inked atomic force microscopy probe under a fluorescence
microscope. Figure 4·3 shows the results of the imaging procedures under 5X and
20X magnifications and using both fluorescence and bright field imaging.
35
Figure 4·3: Microscopy images of an inked atomic force microscopy
probe using the proposed inking scheme.The probe has been inked with
a mixture of glycerin and 10 mM Fluorescein. (a) 5X magnification
using bright field imaging (b) view 5X magnification using fluorescence
imaging (c) 20X magnification using bright field imaging (d) view 20X
magnification using fluorescence imaging.
As is clearly seen in all magnification images and with both fluorescence and bright
field imaging modes, there is a large amount of ink deposited at the very end of the
cantilever. No fluid is found on the cantilever nor a film coating is observed as with
the plasma cleaned probe discussed n previous sections.
In order to completely evaluate the efficacy of using force curves for inking, the
inking experiment was repeated with no surface treatment and by manually dipping
the probe rather than performing a force curve in the liquid. The results of this
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method is depicted in figure 4·4
Figure 4·4: Microscopy images of an inked atomic force microscopy
probe without any prior surface treatment. The probe has been inked
with a mixture of glycerin and 10 mM Fluorescein. (a) 5X magnification
using bright field imaging (b) view 5X magnification using fluorescence
imaging (c) 20X magnification using bright field imaging (d) view 20X
magnification using fluorescence imaging.
As expected, no film is present in this case. On the contrary as can be seen in the
fluorescence images for both 5X and 20X magnification, the liquid ink is in fact de-
wetting, forming small droplets centered at different points along the cantilever rather
than at the tip. It is therefore not surprising that no patterns can be written using a
probe inked in this fashion. It can be safely concluded from the microscopy images
that the devised inking scheme not only deposits liquid ink at the desired location
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on the probe but it is also evident that after retraction no de-wetting patterns are
present. This allows for stable inking which is a desired attribute when patterning as
it provides consistency amongst patterned features.
4.2.3 Qualitatively Different Inking Regimes
An important result that was found when experimenting with the inking depth is the
presence of three qualitatively different inking regimes. These regimes arose when
exploring the resulting force curves from a gradually increasing trigger. The three
regimes in question have been identified to include the following:
• A Dry Regime: As the attraction force and inking depth remain small, upon
retraction, the liquid de-wets the probe resulting in no ink deposition on the
tip. Figure 4·5 shows the force diagram of this inking regime:
Figure 4·5: A typical force curve where the trigger voltage is low
enough (3V) that the tip is submerged into the liquid but upon retrac-
tion, no mass is deposited on the tip. The probes used for this ex-
periment had a lower spring constant (0.15N/m).The experiment was
conducted in ambient conditions with glycerol.
• A Regime of Controlled Ink Deposition: As the absolute value of the
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trigger is increased the probe is submerged deeper into the liquid pool. In this
case, a large amount of liquid is deposited on the tip which provides the ideal
conditions for patterning. By observing the distance that the probe is being
submerged into the liquid, it is deduced that the liquid reaches a height close
to the base of the pyramid. At that height, there exist some irregularities in
the geometry of the tip which induce capillary line pinning. This phenomenon
prevents the liquid from de-wetting the tip upon retraction and upon rupture
of the bridge, some ink remains on the tip of the probe. The force diagram of
the controlled ink deposition regime is shown in 4·6:
Figure 4·6: Representative force curve in the controlled inking regime.
The capillary bridge has been stretched but has not ruptured due to
the limitations in the range of the piezoelectric actuator. The probes
used for this experiment had a lower spring constant (0.15N/m) and the
setpoint was 4V.The experiment was conducted in ambient conditions
with glycerol.
• Uncontrolled Inking Regime: As the absolute value of the trigger is further
increased, the tip is inserted too deep into the liquid resulting in wetting of the
free end of the cantilever. In this case the liquid often spreads along the entire
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cantilever thus resulting in an uncontrolled inking regime. Figure 4·7 shows a
typical force curve where a high voltage has been applied, inducing uncontrolled
inking:
Figure 4·7: Representative force curve in the uncontrolled inking
regime. In this case the trigger was set to high enough value that the tip
is fully submerged in the ink and ink advances onto the cantilever. The
probes used for this experiment had a lower spring constant (0.15N/m)
and a 6V trigger has been used. The experiment was conducted in
ambient conditions with glycerol.
The transition between the controlled and uncontrolled inking regimes has been
recorded when a high enough voltage was set to exceed the controlled inking regime
but not high enough to wet the entire cantilever immediately. The resulting force
curve of this transitional phase is shown in figure 4·8 and illustrates how the liquid
ink remained on the tip until it finally advanced and spread on the cantilever.
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Figure 4·8: Transition between controlled and uncontrolled inking.
During this force curve, a high enough voltage was set resulted in the
liquid ink advancing to the cantilever. The transition between the
ink on the tip of the AFM probe and the cantilever is represented by
the two plateaus. The probes used for this experiment had a lower
spring constant (0.15N/m).The experiment was conducted in ambient
conditions with glycerol.
For the experiments discussed in this section, we have used cantilevers with the
properties shown in table 4.1
Variable Symbol Value
Spring Constant k 0.18 N/m
Resonance Frequency F0 13kHz
Tip Height h 15 µm
Cantilever Width w 50 µm
Cantilever Length l 450 µm
Table 4.1: Properties of the atomic force microscopy probes that were
implemented in the experiments investigating the inking regimes that
result from different voltage set-points.
The inking parameters used varied in terms of voltage in order to produce the
inking schemes shown. We have kept the approach and retraction speeds constant at
20 µm s−1 and no dwell time was used.
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Chapter 5
Quantification of Inking
In the previous chapter, it was shown that the devised inking scheme achieves localized
inking at the tip of the probe. The amount of ink deposited, however has not been
explored yet. In order to quantify the amount of ink present, a systematic method
has been developed that relies on the detection of a frequency shift in the cantilever’s
resonance frequency after inking. This chapter presents how the thermal method
discussed on chapter 4 can be used for in situ measurement of inking the quantity of
ink deposited on the tip of the atomic force microscopy probe.
5.1 Measurement of the Frequency Shift
One of the main advantages of inking solely the tip of the AFM probe is that this
method allows for the treatment of any ink deposited as a point mass located at the
tip of the cantilever. As discussed in length in chapter 2, one can model an uninked
AFM probe as a cantilever beam with an additional mass at its free end. If one
were to ink using the usual inking scheme, this assumption would not be valid since
there would be an even distribution of ink along the cantilever. In order to model
a film thickness around the cantilever, an effective mass would have to be defined
which would not represent the actual mass on the tip. Furthermore, such a model
would assume an even film thickness, which is not necessarily the case. As a result
of the devised inking strategy, it has been possible to collect thermal tuning spectra
before and after inking and quantify the amount of ink deposited on the tip of the
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probe. Figure 5·1 below shows the apparent frequency shift before and after inking
with glycerol.
Figure 5·1: Measured resonance frequency shift after inking with glyc-
erol. The recorded frequency shift can then be converted into a mass,
thus indicating the amount of ink added on the tip of the cantilever.
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The change in frequency can be converted to a change in mass on the tip of the
cantilever using equation 5.1 shown below:
fres =
1
2pi
√
k
meff + δm
(5.1)
where δm refers to the mass added to the tip of the cantilever, and meff refers to the
effective mass of the cantilever and tip. When inking, we are interested in the amount
of ink deposited, i.e. δm. Figure 5·2 shows the correlation between the mass on the
probe and the resulting frequency shift for a typical probe used. In the production
of figure 5·2 a constant ”uninked” natural frequency was assumed and the different
curves shown represent different spring constants.
Figure 5·2: Change in resonance frequency with mass added to the
probe. As the added mass becomes large, the relationship approaches
a more linear relationship.
5.2 Molecular Inks, Liquid Inks and Hydrogels
In order to verify that our inking and weighing strategies are applicable to a variety
of inks, we have repeated the experiments of inking and weighing using molecular
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inks, liquid inks and hydrogels. In this section we present a characteristic frequency
shift that has been recorded for each. Figure 5·3 hows the resulting frequency shift
from inking with glycerin.
Figure 5·3: Characteristic natural frequency shift after inking with
glycerin. Two distinct peaks are shown that are separated by a large
distance. The larger shift recorded with glycerol as opposed to less
viscous liquids validates the positive relationship between viscosity and
fluid entrained by the probe.
Given the high viscosity of glycerin, the resulting capillary number of the inking
procedures is high compare to other inks used. Consequently, it should not come
as a surprise that the resulting frequency shift is higher than with other inks used.
Next we inked using a solution of polyethylene glycol to verify that we are able to
ink and weigh using a molecular ink. The resulting characteristic frequency shift was
obtained by inking using a concentration of 5 mM glycol in deionized water and is
shown in figure 5·4.
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Figure 5·4: Characteristic natural frequency shift after inking with
polyethylene glycol. The resulting peaks are separated by a smaller
distance due to the evaporation of the water and the lower viscosity of
the ink.
Next we ink using a solution of, 2% polyhydroxyethylmethacrylate (p-HEMA) by
weight, 88% ethanol and 10% deionized water. Figure 5·5 shows a representative
frequency shift using the p(HEMA) solution.
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Figure 5·5: Representative natural frequency shift after inking with
polyethylene glycol. Two distinct peaks are recorded which allows for
the evaluation of the mass deposition on the probe.
It is shown in figures 5·3, 5·4 and 5·5 that it has been possible to ink using the
aforementioned categories of inks and successfully detect the resulting shift in the
natural frequency of the probes.
5.3 Inking and Cleaning of Atomic Force Microscopy Probes
It has been shown in the previous section that by using the thermal method, it has
been possible to measure the amount of ink deposited on the tip of the cantilever
post inking. One question that arises is whether it is possible to ink and then clean
the probes in order to reuse them for subsequent experiments. Disposing of AFM
cantilevers after each trial would be extremely cost ineffective and it is thus imperative
to both ink and clean the probes reliably. Additionally, inking and determining
the mass added to the tip and subsequently cleaning the probes and observing the
frequency returning to the uninked frequency, provides a verification that we are
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measuring the ink added to the tip.
Since glycerol is a water soluble liquid, a special chip holder has been machined
that allows for the cleaning of the probe by bringing the entire structure in contact
with de-ionized water and allowing the ink to be removed form the tip by means of
diffusion. By developing this chip holder, the researcher is not required to remove
the AFM probe from the electronic chip and therefore no repeated calibrations are
required. Figure 5·6 shows a picture of the chip holder fabricated. In order to reliably
clean the probes from glycerin, the probes were put in contact with deionized water
for approximately 5 minutes at room temperature.
Figure 5·6: The chip holder that was machined for the cleaning of the
probes. This holder allows us to clean the probes without having to
remove them from the cantilever holder thus eliminating the need for
any additional calibration.
In order to show that we can reliably clean and ink the probes, an experiment was
devised where a new probe was loaded into the AFM, and its resonance frequency
was measured three times before getting inked with glycerin using a constant trigger
voltage. After the inking of the cantilever, the new resonance frequency was measured
and finally the cantilever was cleaned before repeating the cycle several times. The
cleaning operation was performed by bringing the probes in contact with deionized
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water at room temperature and allowing the ink to diffuse form the tip of the probe to
the water for 5 minutes. It was seen that neither sonicating the probes nor submersing
them in hot water had any appreciable effect in the degree of cleaning. The resulting
frequency measurements are shown in figure 5·7
Figure 5·7: Cleaning and inking operation with glycerin. Cleaning
was performed by immersing the probe in deionized water and relying
on diffusion to remove the ink from the probe for approximately 2
minutes. Three thermal tunes have been performed between inking
and cleaning operations.
As shown in Figure 5·7 above, there is a clear shift in the natural frequency of the
probe after inking, but the uninked/cleaned probe measurements agree to within the
statistical error of thermal tunes performed on unlinked probes.
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Chapter 6
Patterning and Quantification of Ink
Transport
Thus far, it has been shown that using the devised methods and procedures it is
possible to deposit ink only on the tip of the atomic force microscopy probe. It has
also been shown that it is possible to determine the amount of ink deposited in situ
on the tip using the thermal method. It has yet to be shown however that using
the devised inking configuration it is possible to pattern consistent features. In this
chapter, the patterning capabilities of controlled inking are presented as well as a
method to use the thermal tunes in order to determine the sizes of the patterned
features are presented.
6.1 Patterning Features Using the Devised Inking Protocol
When using a nanofabrication technique, it is important to know if and how much
material is being deposited on the substrate of interest at each given point during an
experiment. Given that oftentimes the features produced fall below the diffraction
limit of light,features often cannot be distinguished via optical methods. Using the
thermal method that has been discussed in previous chapters, the natural frequency
of an inked probe is determined before and after writing a feature. By finding the
difference in the frequency between the two tunes and then converting the frequency
to a mass it is in principle possible to determine the mass and thus size of each feature
in situ.
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6.1.1 First Patterns Written Using Dip-Pen Nanolithography
One of the problems of using a liquid ink (with the exception of hydrogels) to pattern
the desired features is that they cannot be imaged using atomic force microscopy. In
order to observe written features visibly, the first features produced were relatively
large, in the order of a 10µm - 50µm sizes which could be seen using regular bright
field microscopy. Figure 6·1 shows the first patterns produced:
Figure 6·1: Optical microscopy image of the first large features pro-
duced by following the devised inking protocol and patterning on a
HMDS coated silicon wafer.The probes were inked with 2.6 kHz of
glycerin and the patterning operation was performed using force curves
with a trigger voltage of 0.1 volts and speeds of 5µm s−1. The scratch
located to the right of the features was used to locate the patterns.
Although the features of this preliminary experiment proved that it is possible to
pattern, smaller features were naturally required. By changing the patterning param-
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eters as well as the initial amount of liquid on the AFM probe, it was readily possible
to decrease the feature size significantly and make consistent sized features. In order
to achieve lower features sizes, we eliminated the dwell time that was previously used
and increased the approach and retraction speed. The features produced however are
too small to be imaged using bright field microscopy and thus fluorescence imaging
was required. The features shown in figure 6·2 were patterned with glycerol and
subsequently imaged using fluorescence microscopy.
Figure 6·2: Consistently sized small features patterned with glyc-
erol and 10 mM of fluorescein which were imaged with fluorescence
microscopy at 20x magnification. Smaller probe ink-loading has been
used for the production of these features and the speed was increased
to 100µms−1.
The sizes of the features in figure 6·2 were measured using image analysis to be
on average 1.12µm in diameter. The features were calculated to have a standard
deviation of 0.05µm.
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6.2 Consistent Patterning and Weighing
One the most ambitious goals of this research project has been to be able to measure
the frequency before and after partnering a feature in order to determine experimen-
tally and in situ the written feature sizes. In order to evaluate this possibility, an
experiment was conducted in which, thermal tunes were performed before and after
the patterning of each feature. Figure 6·3 shows one of the experiments devised to
measure the frequency shift before and after patterning ten consistently sized fea-
tures. Three thermal tunes were collected before patterning the first feature and
subsequently three additional thermal tunes were taken after each feature. In order
to stay consistent with inking and patterning procedures throughout the ten features,
specialized code was developed using the Asylum macro builder that performed the
required thermal tunes as well as patterning force curves with virtually no time delay.
Figure 6·3: Natural frequency of the inked AFM probe before and
between the patterning of of 10 consistently sized features. The data
shows a clear drift likely due to evaporation of the ink.
In order to obtain the mass of ink on the probe we have used the conversion
53
discussed in previous sections to produce figure 6·4 below:
Figure 6·4: Ink mass on an AFM probe before and between the pat-
terning of 10 consistently sized features.
It was noted that a constant drift in the frequency data, likely due to the evapo-
ration of the ink from the probe skewed our data. For this reason, we have fitted the
frequency shift in each trial to an effective drift and interpolated to calculate the real
frequency shift. Figure 6·5 below shows the resulting frequency shift:
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Figure 6·5: Graph showing the mass of the ink on the AFM probe
with time. A feature has been patterned after 3 consecutive tunes and
a fit for a constant evaporation rate of glycerin has been applied.
The following fluorescence microscopy image shows the features produced at the
end of the experiment.
Figure 6·6: fluorescence microscopy image of the ten patterned fea-
tures. The features were patterned on a HMDS coated silicone wafer
using a 10 mM mixture of fluorescein and glycerin. The patterning
parameters used involved no dwell time and approach and retraction
speeds of 50µms−1
After analyzing the features produced, we were able to correlate the diameter of
the features with the frequency shift rec corded for each feature. Figure 6·7 show a
plot of the feature size with frequency shift.
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Figure 6·7: Scatter plot of the frequency shift of each feature with
feature diameter.
It can be seen in figure 6·7 there is a positive correlation between the frequency
shift and the feature diameter although direct quantification is required.
56
Chapter 7
Study of Dry Regimes and Ink
Concentration on the Tip
In the process of developing an inking strategy for localized ink deposition, a plethora
of information regarding behaviour and stability of ink loading has surfaced. In this
section, we present some useful information that has arisen from the study of the dry
inking regimes discussed in chapter 4 and we relate our findings to the bulk properties
of the liquid inks. Furthermore, we present a comparison of the ink-stability using the
devised inking strategy as well as a study of the evaporation rate and ink concentration
on the tip of the atomic force microscopy probe.
7.1 Study of Ink Wetting Behavior
Upon contact of AFM tip with the bulk fluid ink, a dynamic meniscus is formed. The
formation of the meniscus and the behaviour of the contact line between the liquid
and solid interface are of great scientific interest. Given that it is experimentally
challenging to directly observe the profile of the meniscus during inking, force mea-
surements can oftentimes provide insight into the phenomena that take place while
immersing the AFM tip into the bulk ink. When coming in contact with the liquid,
three parameters are expected to affect the adhesive force experienced by the probe.
These parameters have been identified to include the approach speed, the retraction
speed and the dwell time of the probe in the liquid and are explored in length in the
following sections.
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7.1.1 Study of Approach Speed
One of the parameters that we expect to have a relatively minimal effect in the
formation of the meniscus and the forces experienced by the cantilever upon contact
with the liquid is the approach speed of the probe. Here, a study of the forces on
the tip of the cantilever have been conducted as the same tip approaches the liquid
with different speeds until the two interfaces come in contact. Figure 7·1 shows the
superimposed force curves resulting from speeds ranging from 1 µm s−1 to 100 µm s−1.
Figure 7·1: Dry inking regime. A study of the resulting force on the
tip has been conducted for different approach velocities. The resulting
force diagrams have been plotted as a function of time and have been
superimposed to enable the comparison of the forces. A set-point of 0.5
V has been used to trigger the force curves and approach and retraction
speeds of 20µm s−1.
It can be seen from figure 7·1 that the qualitative behaviour of the force curves
plotted is almost identical. As expected, the retraction curves appear identical to
each other whereas the wavy behavior of the approach curves is stretched to allow for
the longer time it takes to trigger the required set-point at lower velocities. In order
to examine the effect of the approach velocity on the resulting forces experienced by
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the cantilever, the maximum attractive force has been extracted and plotted in figure
7·2
Figure 7·2: Maximum attractive force recorded for increasing ap-
proach velocity. There does not seem to be any significant change in
the force at speeds higher than 10 µm s−1.
It can bee seen in figure 7·2 that there is a very small deviation in the adhesive
force between curves of different approach speeds. The combination of figures 7·1 and
7·2 shows that during the immersion of the tip in the ink the force experienced by
the cantilever is always attractive. In other words, there is never a high enough speed
to cause a negative contact angle between the ink and the probe. This observation is
useful in obtaining a qualitative understanding of the meniscus geometry during the
immersion of the tip.
7.1.2 Study of Retraction Speed
Retraction speed is commonly referred as one of the main parameters that govern
the film thickness in dip coating operations. It has been shown that according to
Landau, Levich and Derjaguin’s (LLD) theory, the coating thickness is expected to
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scale according to the the capillary number (Ca2/3). It has been seen that indeed
when inking with glycerin which has a very high viscosity, the ink deposited on the
probe is significantly larger. But what is the effect of the retraction speed on the
force experienced by the cantilever?
In order to answer this fundamental question, we explore the effect of the retraction
speed to the adhesive fore on the tip. Figure 7·3 shows a set of superimposed force
curves with different retraction speeds.
Figure 7·3: A study of the resulting force on the tip is shown for
different retraction velocities. The resulting force diagrams have been
plotted as a function of time and have been superimposed to enable the
comparison of the forces.
As seen in figure 7·3 the qualitative behaviour of the system is almost unaffected
by the different retraction speeds. A very similar behaviour is detected between force
curves of different retraction speeds, the only difference being the stretching of the
time between the events with decreasing retraction velocity. Figure 7·4 shows the
maximum adhesion force recorded for different retraction velocities.
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Figure 7·4: Maximum attractive force recorded for increasing retrac-
tion velocity. No significant correlation between between the approach
speed and the maximum force is observed.
It is interesting to note that there is a positive correlation between the retraction
speed and the slope of the force curve from the start of the probe’s retraction to the
time of maximum adhesive force. This can be explained by a capillary line locking at
the height of the meniscus until the maximum force that the contact line can hold is
reached in which case the liquid quickly dewetts the probe. Given that the maximum
force does not change considerably, we can argue that the rate of change of the contact
angle of the liquid during this time is positively correlated to the retraction speed.
7.1.3 Study of Dwell Time
The study of the dwell time in inking operations provides useful information regarding
the meniscus formation upon contact of the AFM tip with the bulk liquid. When
discussing the effect of a dwell time, what is meant is that the probe remains in
contact with the solid or liquid before retracting. Te value of the dwell time is
easily programmed to take different values from 0 to 10 seconds. By increasing the
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dwell time of the conducted force curves, it has been possible to observe the wetting
behaviour of the ink as it advances on the atomic force microscopy tip. As seen in
figure 7·5. the approach and retraction curves shown in red and blue respectively
show identical behaviour between curves of different dwell time.
Figure 7·5: Dry inking regime. A study of the resulting force on
the tip has been conducted for different dwell times. The resulting
force diagrams have been plotted as a function of time and have been
superimposed to enable the comparison of the forces.
Interestingly, it can be observed that there is a constant slope during the dwell
of the probe. The slope of the curve during the dwell time gives a measure of ink
advancing along the AFM probe whose slow rate however indicates that the meniscus
formed is almost static past a certain point. One can also observe the fluid advancing
on the tip through the maximum force on the cantilever as a function of dwell time
shown in figure 7·6
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Figure 7·6: Maximum attractive force recorded for increasing dwell
time. A steady increase in force is detected as a result of fluid advancing
on the atomic force microscopy tip.
Although the dependence of the dwell time to the maximum adhesive force is
again small, through this study we can conclude that the liquid is advancing on the
tip. The increasing force can then simply be explained in terms of the increasing
width of the robe with height which in turn causes a longer contact line. This verifies
the hypothesis that the force experienced by the cantilever is dependent upon the
depth of the tip into the ink.
7.1.4 Capillary Stretching Length
One of the parameters of inking that show great interest is the length over which the
capillary bridge between the tip of the atomic force microscopy probe and the bulk
liquid can be stretched. It has been mentioned in section 4 that inking takes place in
four stages including:
• Approach of the tip to the liquid interface.
• Contact and meniscus formation between the liquid and the probe.
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• Stretching of the meniscus, also commonly referred to as capillary bridge stretch-
ing.
• Capillary bridge rupture and return of the cantilever to its equilibrium position.
During the stretching of the meniscus, there are several components that are
moving which makes the quantification of each of them challenging. Overall, the
moving components include the z-piezo, the deflection of the cantilever and the motion
of the liquid. Figure 7·7 shows the relevant lengths during the stretching of the
meniscus.
7·8.
Figure 7·7: Schematic of capillary bridge stretching. The moving
components include the z-piezo, the deflection of the cantilever and the
motion of the liquid.
In order to quantify the inking depth and the length of the ink meniscus, we begin
by correcting for the real location of the tip. In order to perform this task we combine
the motion of the tip due to the deflection of the cantilever and the motion of the
z-piezo. Figure 7·8 shows the motion of the z-piezo during approach and retraction
(red and blue) and the combination of the motion of the z-piezo and the deflection of
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the cantilever for different approach speeds.
Figure 7·8: Quantification of the effect of the motion of the cantilever
in comparison to the motion of the z-piezo. It is shown that the motion
of the cantilever is smaller than the motion of the z-piezo by an order
of magnitude approximately.
It can be seen from figure 7·8 that the effect of the motion of the cantilever is
very small compared to the motion of the z-piezo. Therefore by correcting for the
deflection of the cantilever, it has been possible to accurately measure the position at
which the capillary bridge breaks. By comparing the initial point of contact between
the tip and the liquid and the location where the capillary bridge breaks, we define a
new length, conveniently named the stretching length which shows the distance the
meniscus can be stretched before breaking.
Despite the small dependence of the capillary breakage force to the retraction
speed, it has been shown that there is a clear correlation between the retraction speed
and the length over which the bridge is stretched. We believe that this dependence
stems from the longer time that the bridge is stretched for at low speeds which
increases the probability of slight perturbations in the system to render the capillary
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bridge unstable. Figure 7·9 shows the positive relationship between capillary bridge
stretch length and retraction speed.
Figure 7·9: Maximum attractive force recorded for increasing dwell
time. A steady increase in force is detected as a result of fluid advancing
on the atomic force microscopy tip.
This result is interesting since it gives an alternate way of gaining some intuition
on the capillary bridge formation and its dependence on the retraction speed without
the use of force measurements.
7.2 Determining Ink Concentration
In dip-pen nanolithography, the vastly different order of magnitude between the vol-
ume of liquid on the atomic force microscopy probe and the bulk liquid imply that the
two are expected to have different properties. Especially in the case of molecular inks
where the AFM probes are either vapor coated or inked using a solution of molecules,
the concentration of ink on the tip for example is expected to be much different than
that of the bulk liquid ink. One of the expected factors to affect ink deposition is
the concentration of ink on the probe for which no measurement method has been
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developed yet. Using the devised scheme for measuring the mass of ink on the probe,
it is possible to measure small amounts of material that may be leaving the probe or
even amounts of material that may be deposited on the probe. Two examples of such
cases and the significance of such measurements are shown in the following section.
7.2.1 Evaporation Rate for Glycerin
The first step in determining the behaviour of the ink on the tip of the atomic force
microscopy probe is to verify that it is possible to measure small amounts of material
leaving the probe. In order to perform this task, a tip has been inked with three
different amounts of glycerin and the resonance frequency was observed as a function
of time. Figure 7·10 below shows the change in resonance frequency as a function of
time for the inked probes.
Figure 7·10: Natural frequency of an inked atomic force microscopy
probe as a function of time. The change in frequency represents the
evaporation of glycerin from the tip.
In order to put the change in frequency into perspective, we can convert the
frequency shift observed in figure 7·10 to the equivalent mass of ink with time as
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shown infigure 7·11:
Figure 7·11: Mass of the ink deposited on an AFM probe as a function
of time. The change in frequency represents the evaporation of glycerin
from the tip.
It can be seen that throughout the course of a 45 minute experiment, between
15% and 25% of the ink has left the probe. An almost constant slope in the change
of mass with time is observed which can be accounted to the combination of the
evaporation of glycerin from the probe and any water that may have been present
in the ink mixture. In general we observe that the properties of the ink on the
probe are significantly different than the properties of the ink in bulk given that
no appreciable change of the mass of bulk ink with time is observed. Furthermore,
we can measure changes that may occur during a DPN experiment by observing the
resonance frequency of the cantilever and we can consistently measure mass transport
to within fractions of a nanogram. It can finally be inferred from the small slopes
seen in figure 7·10 that the ink on the probe is stable and that there is no spreading
along the cantilever.
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7.2.2 Vapor Condensation on Polyhydroxyethylmethacrylate Inked Probe.
It has been established so far that it is possible to detect changes in the mass of
the ink on the probe with very high precision. When inking an AFM probe with
an aqueous solution, in principle shortly after the ink has been deposited on the
probe, most of the water is expected to evaporate. When inking with a hydrogel, it
is anticipated that some of the water will remain on the probe and that the amount
of water present on the probe should depend on the ambient humidity. Our goal is
to measure the change in the weight of the ink at different humidities and determine
the concentration of the ink as a function of relative humidity.
In order to evaluate whether we can measure absorption of water from a hy-
groscopic ink, we chose the polymer polyhydroxyethylmethacrylate which forms a
hydrogel when mixed with water. When placed in humid environment, polyhydrox-
yethylmethacrylate will absorb water and as a result its weight is expected to increase
a as a function of the humidity it is placed in. (Thijs et al., 2007) For this exper-
iment, the tip of an AFM probe was inked with polyhydroxyethylmethacrylate and
the humidity of the AFM chamber was varied between 50% and 100% relative humid-
ity. When the humidity of the chamber reached a steady value a thermal tune was
performed. Figure 7·12 shows the resulting frequency as a function of the humidity
of the chamber recorded.
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Figure 7·12: Natural frequency of an inked atomic force microscopy
probe as a function ambient humidity. The tip of the AFM probe was
inked with 0.5kHz of polyhydroxyethylmethacrylate.
The overall trend of the plot agrees qualitatively with the data collected by (Thijs
et al., 2007).
7.2.3 Concentration of Polyhydroxyethylmethacrylate on the Tip
As mentioned in previous sections, measuring the ink concentration on the tip of the
probe could be useful in determining the appropriate patterning parameters such as
dwell time and writing speed. Additionally, it is seen in figure 7·12 that at low hu-
midity there is a very small change of the natural frequency with increasing humidity.
It is therefore possible to measure the mass of the ink at 0% humidity and and by
measuring the change in mass between the ink at 0% humidity and the humidity
during patterning it is possible to determine the concentration of ink on the probe.
Due to experimental limitations, a humidity lower than 50% has not been achieved,
however the change in the mass of ink at different humidities has been recorded and
is shown in figure 7·13.
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Figure 7·13: Change in the mass of ink on the probe as a function of
ambient relative humidity.
As expected, the absorption of water increases with increasing humidity and in
fact a trend similar to the one observed for the absorption of water by poly(HEMA)
in the macroscopic length scales by (Thijs et al., 2007) is recorded. The method
of thermal tunes for the determination of ink concentration appears promising in
dip-pen nanolithography and may provide useful insight in the ink properties on the
probe.
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Chapter 8
Research Overview and Conclusions
The motivation behind this research stems from the identification of certain com-
ponents of the processes of inking and patterning using DPN as, uncontrollable or
unreliable. Additionally, the current experimental procedures and operations of dip-
pen nanolithography are often times poorly understood . This research is therefore
intended to shine light on some phenomena that take place during inking and pat-
terning as well as to expand the frontiers of DPN and open up new possibilities in
nanofabrication.
In more detail, the four pillars upon which this work has been structured include
(a) The controlled and localized ink deposition on an atomic force microscopy tip. (b)
The measurement of the quantity of ink deposited via the detection of the frequency
shift of the cantilever beam; (c) The in situ measurement of the quantity of ink
leaving the probe before and after patterning thus giving a measure of the patterned
feature masses; and, (d) The determination of the concentration of ink on the tip
of the cantilever post inking. The following sections discuss the effectiveness of the
developed methods and their expected integration to the field.
8.1 Efficacy of Inking
It has been shown throughout this work that it is possible to selectively ink the tip
of a cantilever. It has been additionally shown that by controlling the inking depth
of the tip different amounts of ink can be deposited on the tip. This novel form of
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inking incorporates several attributes. The most important advantages include: the
ability to control ink deposition based on the initial amount of ink on the probe as
well as the determination of the amount of ink on the probe experimentally. The
process of depositing ink on the probes however can be further improved by changing
certain components of the atomic force microscopy instrumentation.
It is expected that the amount of ink on the tip of the probe can be affected by
the retraction speed and dwell time of the piezoelectric actuators. The speed limits
of the atomic force microscope, however, have not allowed for such an exploration as
the velocity range of most instruments is limited to 100µm s−1. Additionally, more
controllability in the inking process is expected to arise for high viscosity inks given
a longer range for the piezoelectric actuators. As it has been shown in chapter 4,
the range of the z-sensor has been often exceeded during the inking of probes using
glycerin. By manually breaking the liquid bridge the z-sensor imposes limitations on
repeatability. Given higher longitudinal rage and velocity actuators the user could
potentially fine-tune the amount of ink on the tip with high precision.
8.2 Precision in Measuring the Ink on the Cantilever
The capability of measuring the mass of ink on the tip of the atomic force microscopy
probe has been developed with very high precision. More precisely, the resolution in
the natural frequency of the probe using the thermal method has been found to be
below 0.5Hz. As with any experimental measurement however there are certain lim-
itations in the precision of the measurements. It has been shown that the frequency
of the cantilever depends on the amount of ink deposited on the tip of the probe,
but also on the evaporation rate of the ink and the condensation of water on the tip
from the environment. This mass transfer from and to the tip of the cantilever was
found to sometimes skew the measured amount of ink leaving the probe for the case
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of patterning small features. A scheme for quantifying evaporation and correcting
the measured frequency however has been devised which reduces such errors. Ad-
ditionally depending on the nature of the experiments conducted and the expected
errors (i.e. evaporation vs background noise etc), a different number of samples can
be collected. What is meant by this is that the user can decide how many frequency
readings will be averaged out when producing the aforementioned frequency spec-
trum. Longer collection times generally decrease the uncertainty and result in more
accurate readings. Changing the collection time of the thermals on the other hand,
can have a negative effect on the accuracy of the measurement if the system is prone
to time dependent errors such as errors due to evaporation.
8.3 Evaluation of Pattern Size Measurement
Promising results have been presented for the patterning and determination of the
feature sizes using the thermal method. It has been seen that there is a clear depen-
dence of the natural frequency of the probe and the features written which we are
able to measure and quantify. The success of the obtained results have largely relied
on the custom software that we have written and used repeatably specifically for our
experiments. It is thus imperative that DPN-specialized software be developed to
make the tools we have developed to be accessible by other researchers.
8.4 Determination of Ink Concentration on the probe
In addition to detecting ink transport due to patterning, we have been able to change
the humidity in which our experiments were conducted and detect a change in the
natural frequency of an inked probe due to water absorption. Using the dry frequency
of the probe, we were able to quantify the amount of water on the probe and determine
the concentration of poly(HEMA) as a function of humidity. This is the first time the
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concentration of ink has been measured on the atomic force microscopy probe. We
thus expect that this new capability along with the insight in the DPN process that
we have achieved will assist researchers in producing more reliable and consistent
patterns. Knowing the amount of ink and the concentration of ink on the probe,
one could adjust several patterning parameters such as writing speed and dwell time
during a patterning operation in order to produce consistent features. This research is
thus the first step in transforming DPN into a closed loop nanofabrication technique
for which we have developed the necessary in situ feedback.
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Appendix A
Matlab Codes
Here we present some sample codes which have been used to analyze the data acquired
from the Asylum AFM. The main code and the functions it uses are shown in this
below: All programming for data analysis has been performed using Matlab.
%FitOptimizer
clc
clear
close all
%% Filenames to Load
Filenames={char(’Inked1’),char(’Inked2’),char(’Inked3’),...
char(’P1A’),char(’P1B’),char(’P1C’),...
char(’P2A’),char(’P2B’),char(’P2C’),...
char(’P3A’),char(’P3B’),char(’P3C’),...
char(’P4A’),char(’P4B’),char(’P4C’),...
char(’P5A’),char(’P5B’),char(’P5C’),...
char(’P6A’),char(’P6B’),char(’P6C’),...
char(’P7A’),char(’P7B’),char(’P7C’),...
char(’P8A’),char(’P8B’),char(’P8C’),...
char(’P9A’),char(’P9B’),char(’P9C’),...
char(’P10A’),char(’P10B’),char(’P10C’)};
%% Other Parameters
DataWidth=50;
PhantomWidth=25;
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%% Load Data
for i=1:length(Filenames)
name=Filenames{i};
Filename=strcat(name,’.txt’);
[Frequency Amplitude]=LoadFun(Filename);
Amplitude=Amplitude(100:length(Amplitude));
Frequency=Frequency(100:length(Frequency));
%% Remove the Phantom of the AFM
Phantom=find(diff(Amplitude)==max(diff(Amplitude)));
Delete=find(Amplitude(Phantom-PhantomWidth:...
Phantom+PhantomWidth)> ...
mean(Amplitude(Phantom-2*PhantomWidth:...
Phantom-PhantomWidth)));
Amplitude(Phantom+Delete-PhantomWidth)=[];
Frequency(Phantom+Delete-PhantomWidth)=[];
Length=length(Amplitude);
%% Find First Mode
FirstMode=find(Amplitude==max(Amplitude));
FirstMode=FirstMode(1);
StartSearch=FirstMode*2;
AmplitudeFirst=Amplitude(FirstMode-DataWidth...
:FirstMode+DataWidth)*10^13;
FrequencyFirst=Frequency(FirstMode-DataWidth...
:FirstMode+DataWidth)*10^-5;
%% Starting Coefficients
b=FrequencyFirst(find(AmplitudeFirst==max(AmplitudeFirst)));
% This is the Fres
c=mean(Amplitude(1:10)); %This is the y offset
a=max(AmplitudeFirst)-c; %this is the Amplitude
d=0.001; %This is the data width
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[ coefficients Fit]=plotterNick(FrequencyFirst,AmplitudeFirst,a,b,c,d);
Coefficients=coeffvalues(coefficients);
ThermalBFirst(i)=Coefficients(2);
And the following functions are called in the main code:
function [cf_ ft_]= createFit(Frequency1a,Amplitude1a,a,b,c,d)
f_ = clf;
figure(f_);
set(f_,’Units’,’Pixels’,’Position’,[642 42 638 537]);
% Line handles and text for the legend.
legh_ = [];
legt_ = {};
% Limits of the x-axis.
xlim_ = [Inf -Inf];
% Axes for the plot.
ax_ = axes;
set(ax_,’Units’,’normalized’,’OuterPosition’,[0 0 1 1]);
set(ax_,’Box’,’on’);
axes(ax_);
hold on;
% --- Plot data that was originally in data set
Frequency1a = Frequency1a(:);
Amplitude1a = Amplitude1a(:);
h_ = line(Frequency1a,Amplitude1a,’Parent’,...
ax_,’Color’,[0.333333 0 0.666667],...
’LineStyle’,’none’, ’LineWidth’,1,...
’Marker’,’.’, ’MarkerSize’,12);
xlim_(1) = min(xlim_(1),min(Frequency1a));
xlim_(2) = max(xlim_(2),max(Frequency1a));
legh_(end+1) = h_;
legt_{end+1} = ’Amplitude1a vs. Frequency1a’;
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% Nudge axis limits beyond data limits
if all(isfinite(xlim_))
xlim_ = xlim_ + [-1 1] * 0.01 * diff(xlim_);
set(ax_,’XLim’,xlim_)
else
set(ax_, ’XLim’,[2.9513807755899997, 3.0486554634100003]);
end
% --- Create fit "fit 2"
ok_ = isfinite(Frequency1a) & isfinite(Amplitude1a);
if ~all( ok_ )
warning( ’GenerateMFile:IgnoringNansAndInfs’,...
’Ignoring NaNs and Infs in data.’ );
end
st_ = [a b c d];
ft_ = fittype(’(a./((x-b).^2+d^2))+c’,...
’dependent’,{’y’},’independent’,{’x’},...
’coefficients’,{’a’, ’b’, ’c’, ’d’});
% Fit this model using new data
cf_ = fit(Frequency1a(ok_),Amplitude1a(ok_),ft_,’Startpoint’,st_);
% Plot this fit
h_ = plot(cf_,’fit’,0.95);
set(h_(1),’Color’,[1 0 0],...
’LineStyle’,’-’, ’LineWidth’,2,...
’Marker’,’none’, ’MarkerSize’,6);
% Turn off legend created by plot method.
legend off;
% Store line handle and fit name for legend.
legh_(end+1) = h_(1);
legt_{end+1} = ’fit 2’;
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% --- Finished fitting and plotting data. Clean up.
hold off;
% Display legend
leginfo_ = {’Orientation’, ’vertical’, ’Location’, ’NorthEast’};
h_ = legend(ax_,legh_,legt_,leginfo_{:});
set(h_,’Interpreter’,’none’);
% Remove labels from x- and y-axes.
xlabel(ax_,’’);
ylabel(ax_,’’);
function [Frequency Amplitude] = Untitled3( Filename )
fileID = fopen(Filename,’r’);
Block=1;
while (~feof(fileID)) % For each block:
fprintf(’Block: %s\n’, num2str(Block)) % Print block number
InputText = textscan(fileID,’%s’,2,’delimiter’,’\n’);...
% Read 2 header lines
HeaderLines{Block,1} = InputText{1};
disp(HeaderLines{Block}); % Display header lines
InputText = textscan(fileID,’Num SNR = %f’);
% Read the numeric value
NumCols = InputText{1}; % Specify that this is the
FormatString = repmat(’%f’,1,NumCols); % Create format string
InputText = textscan(fileID,FormatString, ... % Read data block
’delimiter’,’,’);
Data{Block,1} = cell2mat(InputText);
[NumRows,NumCols] = size(Data{Block}); % Determine size of table
disp(cellstr([’Table data size: ’ ...
num2str(NumRows) ’ x ’ num2str(NumCols)]));
disp(’ ’); % New line
eob = textscan(fileID,’%s’,1,’delimiter’,’\n’);
Block = Block+1;
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end
Data=Data{1};
Odds=1:2:NumRows;
Evens=2:2:NumRows;
Frequency=Data(Odds);
Amplitude=Data(Evens);
clear Block
end
References
Cook, S., Scha¨ffer, T., Chynoweth, K., Wigton, M., Simmonds, R., and Lang, K.
(2006). Practical implementation of dynamic methods for measuring atomic force
microscope cantilever spring constants. Nanotechnology, 17(9):2135.
De Gennes, P.-G., Brochard-Wyart, F., and Que´re´, D. (2013). Capillarity and wetting
phenomena: drops, bubbles, pearls, waves. Springer Science & Business Media.
Derjaguin, B. (1993). On the thickness of a layer of liquid remaining on the walls
of vessels after their emptying, and the theory of the application of photoemulsion
after coating on the cine film (presented by academician an frumkin on july 28,
1942). Progress in Surface Science, 43(1):129–133.
Eichelsdoerfer, D. J., Brown, K. A., and Mirkin, C. A. (2014). Capillary bridge
rupture in dip-pen nanolithography. Soft Matter, 10(30):5603–5608.
Ginger, D. S., Zhang, H., and Mirkin, C. A. (2004). The evolution of dip-pen
nanolithography. Angewandte Chemie International Edition, 43(1):30–45.
Landau, L. and Levich, B. (1942). Physicochim. URSS, 17:42.
Levy, R. and Maaloum, M. (2001). Measuring the spring constant of atomic force
microscope cantilevers: thermal fluctuations and other methods. Nanotechnology,
13(1):33.
Meirovitch, L. (1967). Analytical methods in vibration, volume 16. Macmillan, New
York.
O’Connell, C. D., Higgins, M. J., Sullivan, R. P., Moulton, S. E., and Wallace, G. G.
(2014). Ink-on-probe hydrodynamics in atomic force microscope deposition of
liquid inks. Small, 10(18):3717–3728.
OConnell, C. D., Higgins, M. J., Marusic, D., Moulton, S. E., and Wallace, G. G.
(2014). Liquid ink deposition from an atomic force microscope tip: deposition
monitoring and control of feature size. Langmuir, 30(10):2712–2721.
Piner, R. D., Zhu, J., Xu, F., Hong, S., and Mirkin, C. A. (1999). ” dip-pen”
nanolithography. science, 283(5402):661–663.
81
82
Rozhok, S., Piner, R., and Mirkin, C. A. (2003). Dip-pen nanolithography: what
controls ink transport? The Journal of Physical Chemistry B, 107(3):751–757.
Sader, J. E., Larson, I., Mulvaney, P., and White, L. R. (1995). Method for the cal-
ibration of atomic force microscope cantilevers. Review of Scientific Instruments,
66(7):3789–3798.
Salaita, K., Wang, Y., and Mirkin, C. A. (2007). Applications of dip-pen nanolithog-
raphy. Nature nanotechnology, 2(3):145–155.
Thijs, H. M., Becer, C. R., Guerrero-Sanchez, C., Fournier, D., Hoogenboom, R.,
and Schubert, U. S. (2007). Water uptake of hydrophilic polymers determined by
a thermal gravimetric analyzer with a controlled humidity chamber. Journal of
Materials Chemistry, 17(46):4864–4871.
Urtizberea, A. and Hirtz, M. (2015). A diffusive ink transport model for lipid dip-pen
nanolithography. Nanoscale, 7(38):15618–15634.
Van Eysden, C. A. and Sader, J. E. (2007). Frequency response of cantilever beams
immersed in viscous fluids with applications to the atomic force microscope: Arbi-
trary mode order. Journal of applied physics, 101(4):044908.
Wang, Y., Zhang, Y., Li, B., Lu¨, J., and Hu, J. (2007). Capturing and depositing
one nanoobject at a time: Single particle dip-pen nanolithography. Applied physics
letters, 90(13):133102.
Zhang, H., Chung, S.-W., and Mirkin, C. A. (2003). Fabrication of sub-50-nm
solid-state nanostructures on the basis of dip-pen nanolithography. Nano Letters,
3(1):43–45.
CURRICULUM VITAE
Nikolaos Farmakidis
Nikolaos Farmakidis was born in 1993 in Athens, Greece where he was raised by
Dmitrios Farmakidis and Ioanna Ralli. He initiated his studies at Boston University
in 2011 where he pursued bachelor studies in Mechanical Engineering. At Boston Un-
verisity Nikolaos was awarded an athletic scholarship for his participation in Division
I athletics. During his sophomore year a few health related setbacks forced Nikolaos
to withdraw for a semester and return to Greece.
Due to the aforementioned brief interruption of his studies, upon his return, Nikolaos
had the good fortune to have an additional year beyond his undergraduate studies
to represent the Boston University track team. Being able to continue his collegiate
athletic career beyond his undergraduate studies , Nikolaos enrolled in the Master of
Science program at Boston University and conducted research with assistant profes-
sor Keith A. Brown on liquid transport phenomena in the nanometer length scale.
Throughout his tenure at Boston University Nikolaos was awarded multiple scholar-
ships and awards including his athletic scholarship, the Eleni Gatzogiannis scholar-
ship for three years, twice Academic All-American honors, the most improved athlete
award and the highest grade point average award for the track team. Additionally,
Nikolaos has been a member of the honor society for mechanical engineers Pi Tau
Sigma as well as the honor society for engineers Tau Beta Pi. Nikolaos will be fueling
his passion for fluid mechanics and microfluidics as he pursues doctoral studies at
Columbia University working under principal investigator Qiao Lin for the next few
years
